Purified Newcastle disease virus contains an enzyme that incorporates the methyl group from S-adenosyl-L-methionine into RNA synthesized in vitro by the virion-associated RNA polymerase (RNA nucleotidyltransferase). Incorporation of radioactivity from S-adenosyl-L-[methyl3HJmethionine was totally dependent upon RNA synthesis. The methylation reaction was completely inhibited by S-adenosyl-L-homocysteine, suggesting the transfer of only the methyl group of S-adenosy7-methionine to RNA products. Ve- (4, 5) , vaccinia virus (6), and vesicular stomatitis virus (7) are located in an unusual structure at the 5' terminus of the RNA molecules. The structure consists of a terminal base-methylated nucleotide linked to a ribose-methylated nucleotide through a 5' to 5' pyrophosphate bond, such as m7G(5')ppp(5')AmpNp or m7G(5')ppp(5')GmpNp (8) (9) (10) (11) .
Methylated nucleotides have recently been detected in messenger RNAs from mouse L cells (1) and from Novikoff hepatoma cells (2) , as well as in a number of viral messenger RNAs synthesized in vitro by virion-associated RNA polymerases (RNA nucleotidyltransferases) (3) (4) (5) (6) (7) (8) (9) (10) . The methylated nucleotides in viral messenger RNAs synthesized in vitro by virions of cytoplasmic polyhedrosis virus (3) , reovirus (4, 5) , vaccinia virus (6) , and vesicular stomatitis virus (7) are located in an unusual structure at the 5' terminus of the RNA molecules. The structure consists of a terminal base-methylated nucleotide linked to a ribose-methylated nucleotide through a 5' to 5' pyrophosphate bond, such as m7G(5')ppp(5')AmpNp or m7G(5')ppp(5')GmpNp (8) (9) (10) (11) .
Methylation is required for proper processing of ribosomal RNA (12) , for activation of the virion-associated RNA polymerase of cytoplasmic polyhedrosis virus (3) , and for translation of viral messenger RNAs in a protein-synthesizing system in vitro (42) .
Newcastle disease virus (NDV), an avian paramyxovirus, has a single-stranded RNA genome with a sedimentation coefficient of 50 S (13, 14) and a molecular weight of 6 million (15) . Messenger RNAs from polysomes of NDV-infected cells sediment primarily at 18 S, are complementary in base sequence to the viral genome, and contain polyadenylate sequences (16, 17) . Purified NDV contains a virion-associated RNA polymerase (18) that transcribes the 50S RNA genome in vitro into 18S RNA molecules which are complementary in base sequence to the genome, and which also contain polyadenylate sequences (16) . Since the paramyxovirus genome does not serve as messenger RNA (13, 19) , the virionassociated transcriptase appears to be responsible for synthesis of messenger RNA in the infected cell (20, 21) . Krauter and Consigli (22) have recently shown that methionine is essential for the synthesis of Newcastle disease virus in chicken embryo cells. In addition to its role in protein synthesis, methionine was found to be essential in methylation, and the RNA in purified virions of Newcastle disease virus was found to be methylated (22) .
In this report we demonstrate the presence of methyl transferase activity in purified NDV, which catalyzes the incorporation of the methyl group from S-adenosyl-L-methionine (AdoMet) into the messenger RNA synthesized in vitro by the virion-associated transcriptase.
MATERIALS AND METHODS
A strain of Newcastle disease virus, plaque purified from the Beaudette "C" strain described by Kingsbury (13, 23) and Granoff (24) , was grown in embryonated chicken eggs (24) at 370 for 36 hr. Virions were purified from the allantoic fluid by differential centrifugation (13) , rate zonal centrifugation (25) , and isopynic banding in glycerol tartrate gradients (26) .
The standard reaction mixture in vitro (0. (12.6 Ci/mmol). Reaction mixtures were incubated with 35-45 gig of purified virions at 320 for 6 hr, the reactions were terminated by the addition of 0.5% sodium dodecyl sulfate, and the in vitro product RNA was isolated by sequential phenol extraction at pH 7 and 9 (27) . Extracted RNA in the aqueous layers was pooled, precipitated with ethanol, and assayed for trichloroacetic acid-precipitable radioactivity (28) .
For further analysis the labeled RNA in vitro was purified free of unreacted triphosphates and anyremaining S-adenosyl-L-methionine by chromatography on a Sephadex G-50 (Pharmacia Fine Chemicals) column (1.5 X 30 cm) equilibrated with 0.01 M sodium acetate, 0.05 M NaCl, 0.5% sodium dodecyl sulfate (pH 5.0). The same buffer was used to elute 70 fractions (1 ml) of which 25-Ml aliquots were assayed directly for radioactivity in 9 ml of PCS (Amersham/ Searle). The fractions of the void volume that contained radioactivity were pooled, and the RNA pellet was resuspended in 0.5 ml of 5 mM Tris-HC1, 1 mM EDTA (pH 7.4). The RNA was layered over a 10-ml 15-30% (w/w) linear sucrose gradient in 5 mM Tris-HCl (pH 7.4), 1 Radioisotopes were purchased from New England Nuclear Corp.
RESULTS
Dependence of Methylation upon Transcription. Incubation of purified Newcastle disease virus particles under optimal conditions for RNA synthesis in vitro resulted in the incorporation of radioactivity from S-adenosyl-L-[methyl-3H]methionine into a trichloroacetic acid-precipitable product (Table 1) . In contrast to cytoplasmic polyhedrosis virus (3), transcription of NDV was neither stimulated nor dependent upon a methyl donor such as S-adenosyl-L-methionine (Table 1 , line 2). Methylation was dependent upon transcription, since methylation exhibited an absolute requirement for all components in the RNA polymerase reaction. In the absence of dithiothreitol, very low levels of methylase (5.6%) and transcriptase (6.5%) activity were detectable ( (Fig. 3) . The RNA synthesized in vitro by NDV sedimented primarily at 18 S, the same size as the predominant mRNA from NDVinfected cells (17, 21 DEAE-cellulose chromatography of alkaline hydrolysates was used to determine the location of methyl groups in the RNA molecules in vitro. The double-labeled RNA sedimenting in the 14-25S region of sucrose gradients (Fig. 3 , fractions 10-18) was precipitated with ethanol and hydrolyzed with KOH. The alkaline hydrolysate was. neutralized and chromatographed on a DEAE-cellulose column, with a pancreatic ribonuclease digest of rat liver ribosomal RNA as oligonucleotide marker. This procedure separates oligonucleotides primarily on the basis of the negatively charged phosphate residues. Unreacted S-adenosyl-L-methionine alone does not bind to the column, while GTP elutes between diand trinucleotides (-3 and -4 charge). Results (Fig. 4) show that after alkaline hydrolysis, the 32P radioactivity eluted coincident with mononucleotide markers, indicating the completeness of the alkali digestion. Although the initial 5'-terminal nucleotide has not been determined for NDV messenger RNA, results from studies on reovirus (33, 34, (Fig. 3, fractions 10-15) , was pooled and precipitated with ethanol. The RNA was then hydrolyzed in 0.3 ml of 3 M KOH for 16 hr at 370, and neutralized by the addition of 75 ul of 1.2 M perchloric acid. Neutralized hydrolysates were diluted with 9.7 ml of 7 M urea, 0.01 M Tris-HCl, 3 mM EDTA (pH 8), and 3 mg of RNasedigested rat liver ribosomal RNA was added as oligonucleotide marker. The digest was applied to a 0.6 X 17 cm column of DEAEcellulose and eluted with a 160-ml linear gradient from 0 to 0.25 M NaCl in 7 M urea, 0.01 M Tris-HCl, 3 mM EDTA (pH 8) and followed with 10 ml of 2 M NaCl in the same buffer. Fractions (1.4 ml) were collected at a flow rate of 5 ml/min. The absorbance at 260 nm (-----) of each fraction and conductivity of every fifth fraction was measured. (4) (5) (6) (7) 10) . Since the other viral messenger RNAs were synthesized in the presence of magnesium and our experiments used manganese, an additional experiment was performed to determine the influence of magnesium on the elution position of the methylated nucleosides synthesized by NDV. RNA synthesized in vitro by NDV in the presence of magnesium and a 10-fold higher concentration of S-adenosyl-L-[methyl-3H]methionine was purified, digested with alkali, and chromatographed on DEAE-cellulose. The results (not shown) indicated that methyl-labeled structures synthesized in the presence of magnesium or manganese (Fig. 4) (4) (5) (6) (7) 10) . A minor peak at this position from vaccinia virus RNA (6, 10) had a structure, m7G(5')pppNp, and was attributed to undermethylated RNA. Undermethylation does not appear to be responsible for the results presented in this paper. The amounts of S-adenosyl-L-[methyl-3H]methionine required to saturate the manganese reaction were determined, and twice the saturation concentration was used. The rates of methylation and transcription were identical over a 6-hr period (Fig. 1) , testifying to the adequacy of the S-adenosyl-L-methionine concentration. It is not presently known if the NDV product is methylated in both ribose and base moieties. Structures that should elute in the position described include: pGmpNp, m7G(5')ppp(5')CGp or m7G(5')ppGmpNp.
The role of methylation in eukaryotic messenger RNAs is not understood. The presence of S-adenosyl-L-methionine in vitro had no detectable influence on the rate of RNA synthesis by Newcastle disease virus, vaccinia virus (6), or reovirus (4). Price and Rottman (37) demonstrated that methylation does not interfere with the ability of oligonucleotides to direct the binding of aminoacyl-tRNA to ribosomes or with the ability of a partially methylated polynucleotide to direct the incorporation of amino acids into protein (38) . Both, Banerjee, and Shatkin (42) obtained results that indicate that methylation of viral messenger RNA is required for translation in vitro.
Methylation could be involved in the control of paramyxovirus replication. Genome transcripts in paramyxovirus-infected cells occur as 18S messenger RNAs (17, 39) and as 50S transcripts which are involved in genome replication (40) . The mechanism that regulates synthesis of 18S RNA for translation and 50S RNA for genome replication is not known. It will be of interest to determine if the 50S transcripts are methylated. Transcription of the entire genome into single-stranded methylated viral RNA followed by postsynthetic processing into appropriate segments could occur.
